Using new geometric information on the shape of the lens that has recently become available, a finite element model has been developed in order to estimate the forces that act on the lens during accommodation for a typical 29-year-old human eye. To investigate the influence of the anterior, posterior and central zonular fibres insertion regions, three models with different configurations were built. All three configurations appeared to be capable of inducing the required accommodative changes in the lens. Based on material properties from the literature, the estimated summed net force for each of the three models was approximately 0.08 N.
Introduction
With age, the human eye loses its capacity to accommodate (presbyopia). Study and mechanical modelling of the accommodation process provides more insight into the accommodation mechanism, and consequently the origin of presbyopia. This knowledge is necessary in order to provide an adequate treatment of presbyopia. Attempts have been made to restore accommodation by placing an intraocular lens in the capsular bag that uses the force exerted by the ciliary muscle (e.g., Auffarth et al., 2002; Cumming, Slade, & Chayet, 2001 ). The design of such a lens is based on the principle that, due to the constriction of the ciliary muscle, the lens shifts towards the cornea, thus producing accommodative capacity. Another method that has been suggested to regain accommodation is to remove the stiff lens substance and refill the capsular bag with a flexible gel-like substance (Ho, Erickson, Manns, Pham, & Parel, 2001; Norrby, 2005, accepted) . Both approaches have in common that they stress the need to know the forces acting on the lens that are provided by the complex of ciliary muscle and zonular fibres. However, the exact magnitude and direction of these forces is not known, for various reasons. First, no method or device has yet been developed that is capable of measuring force during accommodation in vivo. Second, the zonular fibres transfer the ciliary muscle force to the capsular bag, but there is a lack of information about the mechanical properties, the number and the geometry of these fibres.
In vitro, Fisher (1977) made an attempt to estimate the force acting on the human lens during accommodation. To mimic the accommodation process, a stretching apparatus was fixed to the complex of ciliary muscle, zonular fibres and lens. Force was then applied to the zonular fibres indirectly through the ciliary muscle, and the induced change in the shape of the lens was photographed. Subsequently, the ciliary muscle and the zonular fibres were removed from the lens and the lens was made to spin around its axis and, again, the change in shape was photographed. These photographs and the corresponding centrifugal forces during the spinning are related to the change in shape during the stretching experiment, and therefore the force acting on the lens, could be calculated. This appeared to be approximately 0.015 N. However, it is questionable whether the centrifugal forces involved during the spinning of an isolated lens can be regarded as equal to the forces during accommodation in vivo (Van Alphen & Graebel, 1991) .
Another method to estimate the force acting on the lens is to make use of a finite element model (FEM). This method is often applied when mechanical problems are too complex to be solved analytically, and it has the advantage that it discretizes the problem by dividing the geometry into a finite number of elements. With known material properties and given boundary conditions, the deformation of a body can be obtained. Using data available from the literature, Burd, Judge, and Cross (2002) created a FEmodel of the complex configuration of the ciliary muscle, the zonular fibres and the lens. Because of a lack of accurate data, they had to make some assumptions about the ciliary muscle and zonular fibres. The first assumption concerned the angles between the anterior, central and posterior zonular groups. Second, the arrangement of the zonular fiber insertion onto the lens is modelled as three single attachment lines around the circumference. Finally, it was assumed that each group of zonular fibres has an elasticity, which is related to the other groups, according to a specific ratio. The last assumption, concerning the absolute elasticity of the different zonular groups, was determined by searching for the value of the elasticity that made the results of the FE-model correspond to the accommodative change in equatorial lens diameter that was measured with magnetic resonance imaging (MRI) techniques (Strenk et al., 1999) . From their model, Burd et al. (2002) calculated the force acting on the lens to be between 0.08 and 0.1 N, which is approximately six times the value reported by Fisher (1977) .
To achieve results that are as accurate as possible, it is best to make as few assumptions as possible in the modelling. Unlike Burd et al. (2002) , in the present study, the zonular fibres and ciliary muscle are not incorporated in the FE-model. Omitting these uncertain factors makes it possible to calculate the forces acting on the lens during accommodation. It is generally accepted that three different zonular fibres insertion regions can be distinguished: anterior, central and posterior (Glasser & Kaufman, 2003) . Nevertheless, there is still considerable discussion about the role of the zonular fibres that insert at the equator, in particular (Schachar & Bax, 2001) . Therefore, different configurations of the zonular fibres insertion regions have been considered in order to investigate their influence on the accommodation process. More reliable data on the shape and the internal structure of the lens has recently become available Dubbelman, Van der Heijde, & Weeber, 2001 , 2005 Dubbelman, Van der Heijde, Weeber, & Vrensen, 2003; Koretz, Cook, & Kaufman, 2001) . To describe the change in the shape of the lens, Burd et al. (2002) had to make use of data from the Scheimpflug images made by Brown (1973) . However, this was not accurately corrected for the optical distortion that is inherent to the Scheimpflug technique, which can result in up to 50% error in the radius of the posterior lens surface in particular (Dubbelman, Van der Heijde, & Weeber, 2005) . This new data was included in the FE-model used in the present study, resulting in a more accurate investigation of the magnitude and direction of the accommodative forces acting on the eye lens.
More information about the lenticular forces and the distribution of force by the zonular fibres provides more insight into the mechanical functioning of the accommodation system, and this can be used in the design of accommodative intra-ocular lenses. For example, the accommodative intra-ocular lenses that are currently implanted have been designed to change power by using the forces of the ciliary muscle. Furthermore, an accurate description of the accommodative forces that act on the lens is needed for the development of a visco-elastic material to refill the capsular bag of the lens.
Methods
For the finite element modelling in this study, the basic principle applied by Burd et al. (2002) was followed to create a model of a typical 29-year-old human lens. The FE-model is based on a fully accommodated state of 8 diopter and it is assumed that the force acting on the eye lens in this fully accommodated state is negligible. In accordance with the accommodation theory of Von Helmholtz (1855) , it is assumed that the lens is flattened into the unaccommodated state by applying a force to the lens, which is delivered by the action of the ciliary muscle and zonular fibres. In an iterative process it is possible to determine the force that flattens the lens in such a way that it matches the unaccommodated geometry. A linear elastic model is used as input in the commercially available finite element programme ABAQUS 6.5-1. Following Burd et al. (2002) , it is assumed that the human eye lens is rotationally symmetric, which makes it possible to investigate the performance of the lens in an axisymmetric model.
Modelling of the geometry of the lens
New geometric information has recently become available from studies in which Scheimpflug imaging has been used. and Dubbelman et al. ( , 2005 Dubbelman et al. ( , 2003 measured the shape and the internal structure of the lens in a large number of subjects of different ages at several levels of accommodation stimulus. In these studies, corrections were made for the two types of distortion that occur with the Scheimpflug technique (Dubbelman et al., 2005) . From the linear regressions of the various parameters estimated in the whole group, the typical geometry of the lens of a 29-year-old subject can be obtained, and this can be used to build a FE-model with aspheric surfaces. A drawback of the Scheimpflug technique is that, even if the pupil has been dilated, the iris obscures the more peripheral parts of the lens. For the unaccommodated lens, measured the curvature and asphericity of the anterior and posterior lens surface in the 5 mm zone and in the 4 mm zone, respectively, indicated in Fig. 1 by the solid white lines. To describe the anterior and posterior central shape of the lens, it was assumed that the lens was meridionally symmetric and could be described by the following conic of revolution:
where c is the curvature (inverse radius) at the vertex (0, y 0 ). The asphericity is expressed by the conic constant (k) that indicates how rapidly a surface flattens (k < 1) or steepens (k > 1) with distance from the apex, and thus indicates the degree to which an aspherical surface differs from the equivalent spherical form. According to the value of k, the surface is a hyperboloid when k < 0, a paraboloid when k = 0, a prolate ellipsoid when 0 < k < 1, a circle when k = 1, and an oblate spheroid when k > 1. Three other parameters that are commonly used in the literature to describe a conic are the Q-value (where k = Q + 1), the shape factor 'p' (where k = p), and the eccentricity 'e' (where k = Àe 2 + 1). Dubbelman et al. (2005) measured the change in shape of the lens during accommodation at different ages. The asphericity of the anterior 5 mm zone appeared to change during accommodation. Whether or not the asphericity of the posterior surface changes during accommodation has not yet been investigated.
From Fig. 1 it can be seen that Dubbelman et al. ( , 2003 were only able to obtain a description of the central part of the eye lens. As a result, the missing geometry had to be modelled, as shown in Fig. 2 .
The periphery of the lens was described using two more conics, which have their apex at the equator (eq) and have the same derivatives where they join the anterior (P1) and posterior (P2) central lens conics. The formula used for the closing anterior and posterior conic sections can be found in Eq. (2) with curvature c, conic constant k and equatorial radius R L .
The axial position of the equator with respect to the anterior and posterior lens surface was based on a ratio of 0.70 (Rosen et al., 2006) . The equatorial diameter for the disaccommodated and accommodated lens was obtained from the MRI study carried out by Strenk et al. (1999) , from which Burd et al. (2002) deduced the values for a 29-year-old subject. The central thickness of the nucleus and the anterior and posterior cortex have been extracted from Dubbelman et al. (2003) . The Scheimpflug studies by Koretz et al. (2001 Koretz et al. ( , 2002 were used to model the shape of the nucleus. In these studies, the internal structure of the lens was measured as a function of age and accommodation stimulus and the shape of the anterior and posterior nucleus was described by a parabola. However, it must be noted that no correction was made to compensate for the distortion due to the refraction of the cornea and the anterior lens surface, which questions the validity of these Scheimpflug results. The proposed shape of the nucleus has been indicated in Fig. 1 . The specific geometric parameters that are used to describe the shape of the lens at 0 and 8 diopter accommodation stimulus have been summarized in Table 1 . Fig. 3 shows the mesh of six-noded elements into which the lens has been divided, and gives a 3D representation of the axisymmetric model. The starting point for the FE-model is the fully accommodated state of 8 diopter, and a set of forces is applied in order to obtain the shape of the unaccommodated lens.
Modelling of the material properties of the lens
The material properties of the lens were modelled according to Burd et al. (2002) , and are listed in Table 2 . In summary, for the modelling of the capsular bag, Burd fitted a parametric model to the capsular thickness measurements of Fisher and Pettet (1972) and Krag, Andreassen, and Olsen (1996) measured the elasticity of the capsular bag with age. For a 29-year-old subject, this results in a Young's modulus of 1.27 for the capsular bag elasticity. Krag et al. (1996) found a Poisson's ratio for the capsular bag of 0.47. The capsular bag and the varying thickness of the capsular bag is modelled with three-noded membrane elements. The model of Burd et al. (2002) was also followed for the modelling of the elasticity of the nucleus and cortex, although the elasticity of the lens has recently been measured by Heys, Cram, and Truscott (2004) and Weeber et al. (2005) . Heys et al. (2004) found a Young's modulus of 2.6 · 10 À4 N/mm 2 for the nucleus and 3.6 · 10 À4 N/mm 2 for the cortex of a 29-year-old human eye lens, which is an order smaller than the results reported by Fisher (1971) . Incorporating the lower Young's moduli values of Heys et al. (2004) did not result in a deformation that matched the expected geometry change. Although, a flattening of the lens could be observed, the change in the four geometry parameters resulted in a very high cost function and it appeared not possible to achieve a set of forces, which resulted in a lower cost function and a geometry change which was more in accordance to the Scheimpflug data. Consequently, the Heys et al. (2004) values were not used in the present model. Weeber and Eckert (2004) described qualitatively the difference in elasticity between the nucleus and the cortex as a function of age. In spite of this, Weeber et al. (2005) present a Young's modulus of 3 · 10 À3 N/mm 2 for the whole 29-year-old eye lens, which is of the same order as the results reported by Fisher (1971) , but they do not distinguish between the elasticity of the nucleus and the cortex. Nevertheless, it is highly probable that there is a difference in elasticity between the cortex and the nucleus. The Young's moduli values of Heys et al. (2004) show a difference in nuclear and cortical elasticity, although the data of this study was not used for the modelling for reasons given above. Also, Scheimpflug imaging of the central internal structure of the lens (Brown, 1973; Dubbelman et al., 2003; Koretz et al., 2001; Koretz, Cook, & Kaufman, 1997; Patnaik, 1967) has made it clear that the thickening of the lens with accommodation is entirely due to a change in the thickness of the nucleus, while the thickness of the cortex remains constant. Therefore, as in the model of Burd et al. (2002) , the elasticity of the nucleus and the cortex found in the spinning lens experiment carried out by Fisher (1971) was used. Both the nucleus and the cortex are thought to be incompressible and, therefore, 
Modelling of the point of application of the force
Although the zonular fibres themselves were not modelled, an assumption has to be made about the region where they are attached to the lens. In general, the zonular fibres insertion regions are divided into an anterior, a central (equatorial) and a posterior region (Glasser & Kaufman, 2003) . Streeten (2003) First of all, concentrated forces were applied on separate nodes, but this resulted in singularities. Therefore, body forces were applied, defined as uniform distributed forces acting on a volume. These body forces were applied to the three capsular bag regions to model the spread of the zonular fibres and the attachment of the zonular fibres to the capsular bag. In an axisymmetric model, a body force has an axial and a radial component. Movement of the lens in an axial direction (e.g., by anterior/posterior movement of the ciliary muscle during accommodation) is not modelled while looking in a moving reference frame. To achieve a static solution in rest, the sum of axial components must be constrained to zero. For Models B and C, this constraint reduces the parameters that have to be estimated by one. The anterior, equatorial and posterior body forces have a total of six components. This makes it clear that, for example, in Model C a total of five parameters has to be estimated. Due to this complex configuration it becomes necessary to use an iterative process in order to find that set of forces that change the lens into the unaccommodated state.
Procedure to determine the body forces acting on the eye lens
A set of body forces acted as input to the FE-model and the deformation of the eye lens was then computed. A conic was fitted to the anterior and posterior surface of the deformed lens at an aperture of 5 and 4 mm, respectively. Four parameters were used to investigate the extent to which the shape of the deformed lens corresponded with that of the unaccommodated lens: total thickness (TT), anterior curvature (c ant ), anterior asphericity (k ant ) and posterior curvature (c post ). The relative errors of these four estimated parameters after deformation with respect to the values in Table 1 at 0 diopter were then computed and squared. The squared relative errors (E cant , E kant , E cpost and E TT ) were summed to create the quadratic cost function W of Eq. (3) to calculate the correspondence. Because the asphericity k of the anterior lens surface is a second-order geometric property, its weighting factor was chosen to be 10 times smaller than that of the anterior and posterior curvature and thickness of the lens
The iterative process should lead to that set of forces which have the minimal cost function W. To estimate this set of forces, different algorithms were tried (Nelder-Mead method, Broyden's method and least squares fitting), but these procedures did not converge to the same solution. Therefore, a brute force method was used to obtain a solution with the global minimal cost function. With the brute force method all possible force combinations in the expected force range were used as input to the FE-model, and subsequent deformation was calculated. To start the process, a wide range of different sets of forces were used to find a global solution, and finer iterations were carried out to achieve a more accurate solution. For The summed net force is the sum of the magnitude of the body forces, which can be regarded as the total net force delivered by the ciliary muscle. To estimate the summed net force that is necessary to achieve different accommodation states in between the fully accommodated and disaccommodated situation, the force estimation procedure was followed again. Starting each time from the 8 diopter state, the forces that are needed to achieve a state of accommodation, with decreasing steps of 1 diopter, were computed. For every accommodated state in Models A-C, one iteration was carried out with the brute force method. Fig. 4 shows the change in the shape of the lens during 8 diopter disaccommodation for a typical 29-year-old subject. The deformed geometry (meshed) has been superimposed on the undeformed geometry (grey) for Model C. The change in the anterior and posterior radius of curvature, asphericity and thickness (in axial and equatorial direction) can be clearly seen.
Results
The results of the FE-modelling to estimate the typical force acting on the side of the eye lens during disaccommodation made it clear that it was possible to obtain the required changes in geometry for all three models: A-C. Table 3 shows the values of the four parameters that were fitted to the deformed geometry, which were attained after the different iterations. The estimated parameters were well in agreement with the unaccommodated values, reported in the literature, resulting in low cost function values. Table 3 also shows the forces needed for the different models after the various different iterations. For Model C, which has three groups of zonular fibres forces, three iterations were needed in order to achieve a stable result. The body forces indicated were integrated around the circumference and multiplied by the volume to which the body forces were applied. Although in the three models the forces have different directions, it can be seen that the summed net force (sum of the magnitude of the forces) is approximately 0.08 N in all three models.
The deformed geometry for Models A-C is indicated in Fig. 5 . The grey value represents the Von Mises stress. More stress (lighter grey and white) is present, in particular, in the periphery of the lens during disaccommodation.
Reduced stress (darker grey) can be seen in the nuclear zone. The angles between the body forces and the equatorial plane, which are obtained from the estimation of force components, have also been indicated in the models. Fig. 6 shows the results of the summed net force as a function of accommodation stimulus which were obtained from the different estimations of force for Models A-C. It can be seen that the summed net force almost linearly decreases with accommodation.
The four geometric parameters (anterior curvature, posterior curvature, anterior asphericity and lens thickness) used in the estimation procedures all relate to the central outer part of the lens. Because the results of Models A-C differ very little, investigation of the change in the remaining parameters in Table 1 could indicate more clearly which model corresponds best with the expected unaccommodated shape. Table 4 shows the values of the parameters that were not involved in the estimation process for the deformed lens in the unaccommodated state (0 diopter). According to the MRI measurements of Strenk et al. (1999) and the regression performed by Burd et al. (2002) , the displacement of the equator of the lens is 0.29 mm during 8 diopter accommodation. As a result, an accommodated equatorial radius of 4.31 mm (Table 1) should give an disaccommodated equatorial radius of 4.60 mm, with which the obtained equatorial radius of Model C has the closest correspondence. Nevertheless, it must be noted that the resolution of the images obtained with MRI is rather low (0.156 mm) and the results of Models A and B are still within the resolution of the MRI-method.
The change in equatorial lens diameter during accommodation has also been measured using retroillumination infrared videophotography. Wilson (1997) measured a 27-year-old patient with ocular albinism and found a change in equatorial diameter of 7.44% during accommodation and the corresponding disaccommodated equatorial radius is shown in Table 4 . The videophotography method has also been used by Glasser, Wendt, and Ostrin (2006) to measure the equatorial lens change in two rhesus monkeys. This study shows a relatively linear decrease of lens diameter during accommodation of approximately 7.04%. Table 3 Estimated body forces and geometric parameters for the three models and different iterations
Body forces
Geometric parameters The results of Wilson (1997) and Glasser et al. (2006) lie in between the change in equatorial radius of Model A and C. The change in equatorial radius of Model B is substantially smaller than the videophotography results. All three models show no change in the asphericity of the posterior lens surface during accommodation, but no experiments on the change in this parameter with accommodation have been performed yet. According to the results of the Scheimpflug imaging (summarized in Dubbelman et al. (2003)), there is only a change in the thickness of the nucleus (NT) during accommodation, whereas the thickness of the anterior cortex (ACT) and the posterior cortex (PCT) remains constant. Nevertheless, from Table 4 it can be seen that during disaccommodation, the change in lens thickness is evenly distributed between the anterior and posterior cortex and nucleus. This could indicate that the material properties of the nucleus and the cortex that were used in the FE-modelling are not entirely correct. The curvature of the deformed posterior nucleus deviates slightly from the value reported by Koretz et al. (2001) , while the curvature of the anterior nucleus is in accordance with the Koretz et al. (2001) value.
Discussion
In the present study, FE-modelling was applied in order to estimate the magnitude of the external force which moulds the lens into an unaccommodated shape. For the modelling, new data on the shape of the lens was used, most of which was obtained from recent Scheimpflug studies. These studies provide data on the average shape of the lens with aging, and the results of the FE-modelling are therefore not based on the data of any individual person. To deal with the problem that the precise geometry and attachment of the zonular fibres is not yet known, three FE-models were created with different insertion regions. The results show that the precise configuration of the zonular fibres insertion regions does not play an important role in the accommodation process. Both with and without the central zonular forces it appeared to be possible to obtain the geometry of the unaccommodated state, which indicates that variation does not deteriorate (dis)accommodation. It could be true that these configurations of zonular fibres insertion regions reflect an anatomical variation that can also be found in nature. According to Streeten (2003) , the zonular fibres that insert around the equator are quite infrequent and vary in number, but can be seen at all ages. Based on scanning electron-microscopic studies of the zonular apparatus, Rohen (1979) assumed that the zonular fibres that insert centrally were relatively important. This could be true for their role during the changes in the accommodation process in the central part of the lens that can be observed with Scheimpflug imaging. Nevertheless, the FEM-modelling also indicates that the change in equatorial diameter is, in particular, dependent on these zonular fibres. With only the anterior and posterior insertion regions (Model B), the displacement of the equator of the lens is smaller than could be expected from the values obtained with MRI (Burd et al., 2002; Strenk et al., 1999) and videophotography (Glasser et al., 2006; Wilson, 1997) .
The configuration of the zonular fibres insertion regions does not have any significant influence on the size of the external force needed to obtain the measured change in the shape of the eye lens. For all three models the total net body force was approximately 0.08 N, which is more than five times greater than the value of 0.015 N, which Fisher (1977) derived from his spinning lens experiments. From the FE-modelling (Fig. 6) , it can be seen that Fisher's value of 0.015 N corresponds to the force needed to disaccommodate only 1 diopter (from the fully accommodated state (8 diopter) to 7 diopter of accommodation). Burd et al. (2002) found a significantly greater force than Fisher (1977) , that is, between 0.08 and 0.1 N. It must be noted that Burd et al. (2002) calculated the force with the ciliary body displacement method and, as a result, it is not exactly the same as the summed net force presented in this study. Why the value reported by Fisher (1977) is significantly lower than the results of FE-modelling is not clear, as was also concluded by Burd et al. (2002) .
To give an estimation of the uncertainty of a FE-model is not straightforward. To investigate the influence of the width of the zonular insertion regions, additional modelling has been applied. The zonular insertion regions of Model C have been expanded to a continuum around the lens equatorial region. The results made it clear that an increase of the width of the insertion regions did not have a significant influence. Both the cost function and the summed net force did not change significantly compared to the original Model C. It is highly probable that this can be explained by the high stiffness of the capsular bag, which distributes the forces around the equator. Furthermore, the accuracy of the model of the lens depends on the shape and the material properties of the lens. While in this study the geometric data on the central part of the lens was obtained by means of a validated method , different values for the material properties are reported in the literature. It can be assumed that the largest contribution to bias in the model is therefore due to the material properties. The results of the present study also indicate that the Young's modulus values used for the cortex and nucleus are not accurate enough. All three models show that during accommodation, the change in lens thickness is evenly distributed between the anterior and posterior cortex and nucleus. Nevertheless, according to the Scheimpflug results summarized and reported by Dubbelman et al. (2003) , the accommodative change in lens thickness is almost completely due to a change in the thickness of the nucleus alone. Furthermore, Burd, Wilde, and Judge (2006) studied the extent to which inferred values of Young's modulus are influenced by assumptions inherent in the mathematical procedures applied by Fisher (1971) to interpret the spinning lens experiment. Their results suggest that modelling assumptions that are inherent in Fisher's original method may have led to systematic errors in the determination of Young's modulus of the cortex and the nucleus. Therefore, the accuracy of FE-modelling will be improved when more specific information on the material properties of the nucleus and the cortex becomes available.
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